The impact of soil management practices on ammonia oxidizer diversity and spatial heterogeneity was determined in improved (addition of N fertilizer), unimproved (no additions), and semi-improved (intermediate management) grassland pastures at the Sourhope Research Station in Scotland. Ammonia oxidizer diversity within each grassland soil was assessed by PCR amplification of microbial community DNA with both ammonia oxidizer-specific, 16S rRNA gene (rDNA) and functional, amoA, gene primers. PCR products were analysed by denaturing gradient gel electrophoresis, phylogenetic analysis of partial 16S rDNA and amoA sequences, and hybridization with ammonia oxidizer-specific oligonucleotide probes. Ammonia oxidizer populations in unimproved soils were more diverse than those in improved soils and were dominated by organisms representing Nitrosospira clusters 1 and 3 and Nitrosomonas cluster 7 (closely related phylogenetically to Nitrosomonas europaea). Improved soils were only dominated by Nitrosospira cluster 3 and Nitrosomonas cluster 7. These differences were also reflected in functional gene (amoA) diversity, with amoA gene sequences of both Nitrosomonas and Nitrosospira species detected. Replicate 0.5-g samples of unimproved soil demonstrated significant spatial heterogeneity in 16S rDNA-defined ammonia oxidizer clusters, which was reflected in heterogeneity in ammonium concentration and pH. Heterogeneity in soil characteristics and ammonia oxidizer diversity were lower in improved soils. The results therefore demonstrate significant effects of soil management on diversity and heterogeneity of ammonia oxidizer populations that are related to similar changes in relevant soil characteristics.
There is increasing concern that anthropogenic activities influence the diversity and community structure of natural microbial populations. This concern has focused mainly on the consequences of pollution, for example, global warming, contamination with recalcitrant organic compounds, and the effects of heavy metals. Different forms of land use and management regimens are also likely to exert effects on microbial community structure and, as a consequence, changes may arise which could result in a reduction in species diversity. This, in turn, may influence ecosystem function and the ability to respond to future perturbations in environmental conditions. There is evidence in some systems for maintenance of community structure following perturbations (21) , particularly where populations are stabilized by attachment to particulate material. However, in more open, continuous flow systems, the relative abundances of different bacterial and archaeal groups are more susceptible to considerable fluctuation, although ecosystem function may be maintained (6) .
Investigation of microbial diversity in natural communities has been made possible by the development of molecular fingerprinting techniques, in particular those based on analysis of 16S rRNA gene sequences, but the majority of studies have assessed "total" diversity, using primers which amplify 16S rRNA genes from bacterial and archaeal domains. The considerable diversity within these groups makes detection of treatment effects difficult (23) and analysis of narrower groups has been proposed (30) .
Nitrification, the conversion of ammonium to nitrate via nitrite, is critical to the cycling of nitrogen in terrestrial environments, increasing nitrogen losses through leaching and denitrification of nitrate (34) . This process is carried out in most ecosystems by autotrophic bacteria and is often rate limited by the activities of ammonia-oxidizing bacteria that are responsible for the oxidation of ammonia to nitrite by the enzyme ammonia monooxygenase. Ammonia oxidizers are therefore likely to be influenced by traditional grassland management regimes, such as N fertilization and soil liming, and populations of these organisms increase within managed environments (2, 20, 26) .
Despite their significance in a range of environments, the slow growth and low yield of ammonia oxidizers observed during laboratory cultivation have restricted physiological and ecological studies on these organisms (34, 38) . However, the application of 16S ribosomal DNA (rDNA)-based techniques circumvents many of these problems and has enabled ecological studies of ammonia oxidizer populations within a range of environments (22, 24, 27, 39, 40, 41) . Comparative 16S ribosomal gene sequencing analysis has placed autotrophic ammonia oxidizers into two distinct monophyletic groups (8, 44) . The first group, characterized by a limited number of marine nitrosococci (15, 49) , belongs to the ␥-subclass of the Proteobacteria. The second group, within the ␤-proteobacteria, includes most of the known isolates and contains the genera Nitrosomonas and Nitrosospira (8) . Further molecular analysis, based on 16S rDNA sequences of natural populations of ␤-proteobacterial ammonia oxidizers, from a range of different environments, has demonstrated the existence of at least seven sequence clusters (Nitrosospira clusters 1 to 4; Nitrosomonas clusters 5 to 7) (39) . The presence and relative abundance of different clusters appear to be related to environmental factors (16, 24, 32, 39, 40) , but the physiological basis for the observed differences is unknown. For example, sequences representative of Nitrosospira cluster 2 have been found in greater relative abundance in acid agricultural soils, while cluster 3 sequences appear to be more common in neutral agricultural soil, suggesting the possibility that cluster 2 organisms are, in some way, adapted to growth at low pH. Such differences in community structure may explain the occurrence of nitrification in acid soils (3, 4, 47) , while autotrophic nitrification in liquid culture rarely occurs below pH 7 (1).
The availability of techniques for analysis of natural populations of ammonia-oxidizing bacteria, their importance in biogeochemical cycling, and the potential effects of N fertilizer applications on community structure provide an ideal system for assessing the effects of anthropogenic activities on microbial diversity and heterogeneity. This was facilitated by the availability at the chosen study site of soils from three different types of British upland grass pasture: improved, semi-improved, and unimproved grasslands (37) . These grasslands differ with respect to different management practices, including sowing of different grass species, N fertilization, and sheep grazing, operated over a period of 30 years. N fertilization, in particular, is likely to influence the diversity and community structure of ammonia-oxidizing bacteria. Ammonia oxidizer populations within the different soils were therefore investigated by denaturing gradient gel electrophoresis (DGGE), probe hybridization, and phylogenetic clustering of 16S rRNA and amoA genes (encoding the ␣-subunit of ammonia monooxygenase) amplified directly from extracted DNA.
MATERIALS AND METHODS
Sample site and soil collection. Soil samples were taken on 25 August 1998 and 11 May 1999 from three characteristic grassland soil sites, designated unimproved (U4a), semi-improved (U4b), and improved (MG6) grasslands by the National Vegetation Classification (37) Ϫ1 in an N, P, and K fertilizer compound (39:20:20) in May. MG6 plots were also grazed by sheep in the summer and autumn months. The semiimproved plots are essentially unimproved Festuca/Agrostis grassland with Holcus lanatus and T. repens subcommunities and receive no fertilization.
At each sampling site, three 5-by-5-m quadrats (plots) were randomly located, and five soil cores (diameter, 10 cm; depth, 5 cm) from each replicate plot were collected, pooled, and sieved (mesh size, Ͻ2 mm) to remove stones and plant material. Fresh, sieved soil was used for measurement of pH, nitrification potential, and other soil characteristics. Subsamples (5 to 10 g) of sieved soil were stored at Ϫ70°C until required for molecular analyses.
Chemical analyses. pH was measured in 1:2 (wt/vol) suspensions of soil in either 0.01 M CaCl 2 or distilled water. The soil water content was determined as weight loss after drying for 24 h at 105°C. Soil organic matter was determined as loss on ignition at 430°C for 24 h. Total N and total C measurements were undertaken on oven-dried soil (48) by using an automated Fison NA 1500 NCS Analyser mass spectrophotometer (Elemental Microanalysis Ltd., Oakhampton, United Kingdom). Exchangeable ammonium and nitrate were determined after 1:4 (wt/vol) extraction of soil with 2 M KCl. Ammonia and nitrate concentrations were measured colorimetrically by using an Alpkem RFA Autoanalyser (Alpkem Corporation, Clackamas, Oreg.). Soil nitrification potential was measured over 7 days by the shaken soil-slurry method (7) with an initial ammonium sulfate concentration of 50 mM and regular sampling for analysis of the nitrite and nitrate concentrations. Statistical analysis by one-way analysis of variance was undertaken on triplicate samples of each replicate plot by using the Fisher exact test.
DNA extraction. DNA was extracted from 0.5 g of soil, and samples were disrupted with a Hybaid Ribolyser Cell Disrupter (Hybaid, Ltd., Ashford, United Kingdom) (speed 4, 10 s; two times). Extractions were carried out in 2-ml screw-cap Blue Matrix Ribolyser tubes containing a mixture of ceramic and silica beads (Hybaid), 300 l of 0.12 M sodium phosphate buffer (pH 8.0), 500 l of Tris-buffered phenol (Fisher Scientific U.K., Loughborough, United Kingdom), and 200 l of 1 M Tris-HCl (pH 8). After centrifugation at 13,000 rpm for 10 min, the supernatant was transferred to a 1.5-ml Eppendorf tube and reextracted with an equal volume of Tris-buffered phenol, followed by an equal volume of chloroform. The upper aqueous phase was dialyzed, to concentrate the DNA and remove humic acids by using a Microcon YM-100 centrifugal filter device (Millipore Corporation, Bedford, Mass.) with four changes of 100 l of TE buffer (10 mM Tris, 1 mM EDTA; pH 8). Concentrated DNA was resuspended in 50 l of TE buffer before being further purified by standard low-melting-point agarose (1.0% [wt/vol]) gel electrophoresis with DNA EcoRI/HindIII markers (NBL Gene Sciences, Cramlington, United Kingdom). High-molecular-weight DNA (Ͼ10 kb) was removed and subsequently cleaned by using a Bio-Rad Freeze and Squeeze spin column (Bio-Rad Laboratories, Hemel Hempstead, United Kingdom) according to the manufacturer's instructions.
PCR amplification of 16S rRNA gene fragments. Extracted DNA was amplified by nested PCR by using the ammonia oxidizer specific, 16S rDNA primer sets ␤AMOf-␤AMOr (22) , each deoxynucleoside triphosphate (Bioline) at a concentration of 250 M, and 1 l of template DNA were added to each 50-l (total volume) reaction mixture in a 0.5-ml test tube stored on ice. Amplifications were started by placing cooled tubes into a preheated (94°C) Omn-E thermal cycler (Hybaid Ltd.), followed by the thermal cycle conditions shown in Table 1 . PCR products (5 l) were checked by standard agarose (1.2% [wt/vol]) gel electrophoresis with visualization of DNA by ethidium bromide fluorescence and Bioline HyperLadder DNA markers (Bioline) prior to analysis by DGGE. PCR amplification was also undertaken on representative 16S rDNA clones or pure cultures for each currently recognized cluster of ␤-subgroup ammonia oxidizers (39) , for use as reference sequences for 16S rRNA gene DGGE analysis, as follows: EnvB1-8 (Nitrosospira cluster 1), pH4.2A/27 (Nitrosospira cluster 2), pH4.2A/4 (Nitrosospira cluster 3), pH7B/C3 (Nitrosospira cluster 4), EnvA1-21 (Nitrosomonas cluster 5), EnvC1-19 (Nitrosomonas cluster 6), and N. europaea (Nitrosomonas cluster 7). For amoA gene DGGE analysis, the following pure cultures of ammonia oxidizing bacteria were used as references: Nitrosospira sp. strain B6 (cluster 2), Nitrosospira sp. strain AV (cluster 3), Nitrosospira sp. strain 40KI (cluster 4), N. europaea (cluster 7), and N. eutropha (cluster 7). DGGE analysis. DGGE was carried out as described previously (16) with modifications. PCR products (ca. 200 ng of each product) were separated using a DCode Universal Mutation Detection System (Bio-Rad Laboratories) and 1 mm-thick (16-by-16-cm glass plates) polyacrylamide gels made from a 6 to 12% (wt/vol) polyacrylamide gradient (Acrylogel 2.6 solution; acrylamide-N,NЈ-methylenebisacrylamide [37:1] ; BDH Laboratory Supplies, Poole, United Kingdom) and a denaturant gradient between 25 and 75% for amoA analysis and between 35 and 50% for 16S rDNA (100% denaturant is defined as 7 M urea with 40% [vol/vol] formamide). Gels were poured with the aid of a Model 475 gradient delivery system (Bio-Rad Laboratories) and prepared with, and electrophoresed in, 1ϫ TAE buffer (pH 8; 40 mM Tris base, 20 mM acetic acid, 1 mM EDTA) and run at 60°C for 4 h (amoA) or 5 h (16S rDNA) at 200 V. Polyacrylamide gels were stained in ethidium bromide for 20 min and destained for 5 min in 1ϫ TAE buffer. The UV gel image was then captured by using the UVP ImageStore 5000 (Ultra Violet Products, San Gabriel, Calif.).
Recovery and sequence analysis of bands from DGGE gels. Samples of individual DGGE bands were reamplified with 1 l as a template from a suspension of the excised band resuspended in 20 l of sterile distilled water. Reamplified PCR products of excised DGGE bands were purified by dialysis with sterile distilled water by using a Microcon YM-100 centrifugal filter device (Millipore). The purified PCR product was then resuspended in about 20 l of sterile distilled water to give a final concentration of DNA of between 15 and 20 ng l Ϫ1 as determined by standard agarose (1.2% [wt/vol]) gel electrophoresis and Bioline HyperLadder DNA markers (Bioline). Sequencing reactions were performed by using the BigDye Terminator Cycle Sequencing Kit (PE Biosystems, Warrington, United Kingdom) with either CTO189f or amoA-2F primer, and the cycle sequencing products were analyzed with a Model ABI377 automated sequencer (PE Biosystems).
Sequence chromatographs were analyzed by using the Chromas software package (version 1.42; C. McCarthy, Griffith University, Brisbane, Queensland, Australia). Partial nucleotide sequences (272 bp for 16S rDNA and 186 bp for amoA) were aligned manually by using GDE version 2.2 running in ARB (Technical University of Munich, Munich, Germany) with sequences retrieved from the GenBank database (amoA sequences) or from ammonia oxidizer 16S ribosomal sequence databases obtained from previous studies (24, 32, 39) .
Phylogenetic relationships between pairs of 16S rDNA sequences were calculated by using both distance and maximum parsimony. For distance matrix analyses, LogDet/Paralinear distances (17) of variable sites (18) was used and implemented in PAUP version 4.0b4a (43) . The maximum-likelihood method was used to estimate the proportion of variable sites (10) . All LogDet/Paralinear distances trees were constructed by using the minimum evolution criterion, and the data were bootstrapped 100 times.
Ammonia monooxygenase (amoA) nucleotide sequences were analyzed as described above by using LogDet/Paralinear distances of variable sites. In addition, LogDet/Paralinear distances were carried out with codon position 3 excluded from the phylogenetic analysis in order to compensate for potential mutational saturation and nucleotide base composition heterogeneity (11) . Trees were constructed as described above, and a 50% majority rule consensus tree was calculated. Base composition data were calculated by using the function in PAUP version 4.0b4a.
Probe labeling, DNA transfer, and hybridization. Cluster-specific and genusspecific ammonia oxidizer oligonucleotide probes (40) were 3Ј end labeled by using terminal transferase (50 U) in the supplied buffer with 0.05 mM digoxigenin-11-ddUTP (DIG label) at 37°C according to the manufacturer's instructions (Roche Diagnostics Ltd., Lewes, UK). DIG-labeled probes were reoptimized for specificity by using membrane-bound target ammonia oxidizer sequences and checking probe hybridization or cross-reactivity over a range of hybridization and washing temperatures. The optimized hybridization temperatures and number of mismatches to target and nontarget sequences for the DIG-labeled probes are summarized in Table 2 .
DNA was transferred from DGGE gels to nylon hybridization membranes (Hybond Nϩ; Amersham Pharmacia Biotech Ltd., Little Chalfont, Bucks, United Kingdom) with the aid of a Panther semidry electroblotter (Owl Scientific, Inc., Woburn, Mass.) according to the manufacturer's instructions, with transfer medium of 1ϫ TAE buffer and run at 10 V for 1.5 h. After transfer, DNA was simultaneously denatured and covalently cross-linked to the membrane by incubation on a pad of 3MM filter paper (Whatman International, Ltd., Maidstone, United Kingdom) soaked in 0.4 M NaOH for 20 min, followed by washing in 5ϫ SSC (0.75 M NaCl plus 75 mM sodium citrate; pH 7) for 2 min. Membranes were then air dried and stored at room temperature until required for hybridization.
Prehybridization and hybridization were carried out in standard hybridization buffer (5ϫ SSC, 0.1% [wt/vol] Table 2 in a Hybaid Shake 'n' Stack hybridization oven (Hybaid, Ltd.). Membranes were washed free of unbound and nonspecifically bound probe by washing them in 2ϫ SSC with 0.1% (wt/vol) SDS at room temperature (2 times; 5 min), followed by two stringency washes for 20 min each at the hybridization temperature with 0.5ϫ SSC and 0.1% (wt/vol) SDS.
Chemiluminescent detection of the hybridised probe was carried out by first equilibrating the membrane for 1 min in maleic acid buffer (100 mM maleic acid; 150 mM NaCl; pH 7. ]decan)-4-yl)phenyl phosphate) as recommended by the manufacturer. Detection of the chemiluminescent signal was undertaken by exposure of the membrane to X-ray film (Fuji-RX X-ray film) for between 10 min and 1 h at room temperature. Membranes were stripped prior to reprobing by two washes in 0.2 M NaOH with 0.1% (wt/vol) SDS for 10 min each at 37°C, followed by rinsing in 2ϫ SSC.
Nucleotide sequence accession numbers. Accession numbers from the GenBank database of previously determined ammonia oxidizer 16S rRNA and amoA gene sequences used in the analyses are as follows. 
RESULTS
Soil properties. Soils from the three study sites originally developed from locally derived drift from andesitic lavas of Old Red Sandstone and the current differences result from changes in vegetation and management regimes. All soils were high in organic matter, as reflected by their color, texture, and high C and N content. Total organic matter and total C and N did not differ significantly in samples taken from the three grassland sites (Table 3) . Despite similar C and N contents, unimproved (U4a) soil had a significantly higher C/N ratio than the semi-improved (U4b) and improved (MG6) soils and was darker. Soil pH (measured in CaCl 2 soil suspensions) was significantly higher in the MG6 soil (5.35) than in U4a and U4b soils (3.35 and 3.98, respectively) ( Table 3 ). The mean potential nitrification rate was significantly higher in soil suspensions taken from the MG6 field plots than in soil samples taken from either U4a or U4b (Table 3) .
DNA extraction and yield. High amounts of organic material within the grassland soils made it essential, during the DNA extraction procedure, to perform several dialysis "clean up" steps to remove contaminating humic acids. It was also necessary to purify the crude DNA extract further by agarose gel electrophoresis. Purified total soil DNA consisted of high-molecular-weight DNA fragments of about 20 kb, with mean yields of 1.31 to 4.09 g DNA g (dry weight) of soil Ϫ1 , as estimated by agarose gel electrophoresis and DNA mass and quantification markers.
PCR amplification. DNA was thought to be sufficiently pure for molecular analysis since all DNA samples could be amplified readily with the 16S rDNA eubacterial primer set, 357f/ 518r (reference 29 and data not shown) However, PCR amplification performed with a single set of primers for either ammonia oxidizer-specific 16S rRNA or amoA genes did not consistently yield detectable PCR products. It was therefore necessary to undertake nested PCR, with primer set ␤AMOf-␤AMOr, followed by CTO189f-CTO654r, for 16S rRNA genes and primer set amoA-2F-amoA-5R, followed by amoA-3F-amoA-4R, for amoA genes ( Table 1 ). The amoA primer sets yielded noticeably lower PCR product concentrations with all DNA templates (ca. 12 ng l Ϫ1 ), assessed by ethidium bromide fluorescence, compared to yields obtained by the 16S rDNA primer sets (20 to 30 ng l Ϫ1 ). 16S rDNA DGGE, probe hybridization, and sequence analysis. Initial analysis was carried out on individual samples of soil obtained from replicate plots of the three grassland soil sites at Sourhope. DGGE banding patterns for ammonia oxidizer 16S rRNA genes from these sites were similar (Fig. 1) , with the exception of a single U4a replicate [U4a(1)]. PCR products from all sites comigrated with products from cloned standards representing Nitrosomonas clusters 6 or 7 (band I) and Nitrosospira clusters 2 and 3 or Nitrosomonas cluster 5 (band II). U4a(1) generated a single band (band III) that comigrated with the Nitrosospira cluster 1 standard. However, comigration of certain bands from different clusters and the presence of multiple bands, which are due to the degeneracy of the reverse PCR primer (16, 24) and possibly the forward primer, prevents unambiguous identification of ammonia oxidizer clusters based on migration patterns alone. It was therefore necessary to excise and reamplify specific DGGE bands of interest for direct sequencing and phylogenetic analysis (Fig.  2 ). Previous 16S rRNA gene studies have shown that ␤-proteobacterial ammonia oxidizers are monophyletic with two genera, which can be split into seven distinct phylogenetic clusters (16, 39, 40) . LogDet/Paralinear distances of variable sites produced essentially the same phylogenetic tree topology and cluster designations as previously reported (39), although the Nitrosospira cluster 4 in our analysis appeared to be paraphyletic and weakly supported, presumably due to the relatively short sequence used. Phylogenetic analysis confirmed the environmental sequences found in this study to be 16S rDNA of ␤-proteobacterial ammonia oxidizers and assigned them to Nitrosomonas cluster 7 [band I, sequences U4b(3)/I and MG6(2)/I], which is closely related to that of N. europaea, Nitrosospira cluster 3 [band II, sequences U4a(2)/II and MG6(2)/II], and Nitrosospira cluster 1 from the unimproved grassland site, U4a(1) [band III, sequence U4a(1)/III] (Fig. 2) . In addition to sequence analysis, band identity was confirmed by DNA hybridization with specific ammonia oxidizer genus and/or cluster specific probes (40) . Samples of the PCR products shown in Fig. 1 were analyzed by dot blot DNA hybridization with ammonia oxidizer cluster-specific probes NspCL2_458 and NspCl3_454 (Table 2) . Positive DNA hybridization was only observed with the Nitrosospira cluster 3 probe (data not shown) demonstrating the absence of cluster 2 organisms in these samples. Repeat DGGE analysis of fresh DNA extractions and PCR amplifications (Fig. 3) from the soil samples shown in Fig. 1 resulted in similar banding patterns. However, in addition to the Nitrosospira cluster 1 band shown in Fig. 1 , plot U4a (1) showed bands that comigrated with Nitrosospira clusters 2 or 3 and Nitrosomonas clusters 6 or 7 (Fig. 3 ). These differences in banding patterns suggest greater heterogeneity in ammonia oxidizer populations between individual samples within the unimproved grassland plots than in the improved plots. After transfer of the DNA from the DGGE gel to nylon membranes, all of the bands visible by ethidium bromide fluorescence (Fig.  3a) were detected after hybridization with the general ␤-subgroup ammonia oxidizer probe, ␤-AO233 (data not shown). Nitrosospira cluster 1 sequences were confirmed in U4a (1) by hybridization with the cluster 1 probe (Fig. 3b) . Bands from all samples hybridized with the Nitrosospira cluster 3 probe, NspCL3_454, but band intensities varied (Fig. 3c) . Band intensities also varied between samples after hybridization with the all Nitrosomonas probe, Nmo254a, and U4a(2) and U4b (1) showed no detectable hybridization signal (Fig. 3d) . No hybridization signal was observed with the Nitrosospira cluster 2 and 4 probes (data not shown). Hybridization therefore confirmed the presence of Nitrosomonas spp. and Nitrosospira cluster 3 and cluster 1 strains within these samples.
Impact of grassland soil management on within sample heterogeneity of ammonia oxidizer populations. To determine whether nitrogen fertilization and other management strategies influenced the heterogeneity and diversity of ammonia oxidizers within samples, DGGE analysis was undertaken on 16S rDNA PCR products from DNA extracted from replicate 0.5-g soil samples of unimproved and improved sites (Fig. 4) . The unimproved site, U4a(1), showed variation in migration banding patterns between replicate 0.5-g samples (Fig. 4A) , suggesting heterogeneity. Banding patterns demonstrated the presence of clusters identified in Fig. 1 and 3 ( i.e., clusters 1, 2, or 3 and clusters 6 or 7), as well as a band that comigrated with the cluster 4 control [replicate U4a(1) lane D]. In contrast, replicate samples of soil from the improved site, MG6(1), showed lower ammonia oxidizer diversity with a homogeneous banding pattern. All replicates contained only Nitrosospira cluster 2 or cluster 3 sequences, generating the same DGGE banding pattern for each 0.5-g replicate (Fig. 4B) . To discount the possibility that sequence heterogeneity within replicate 0.5-g samples of the unimproved soil was due to PCR error, replicate PCR reactions were undertaken on single DNA extractions from unimproved and improved soils. Both generated identical banding patterns for repeat PCR reactions (Fig. 5) , suggesting that the variation in DGGE banding patterns for replicate samples of the unimproved soil (Fig. 4A ) is due to heterogeneity in the ammonia oxidizer population at the 0.5-g sample level.
Probe hybridization of the DGGE gels shown in Fig. 4 confirmed the presence of cluster 3 sequences within four of the replicate samples of U4a(1) ( Table 4 ), while the cluster 1 and cluster 4 probes (NspCL1_249 and NspCL4_446, respectively), each hybridized with only one replicate (Table 4) . Hybridization with the all Nitrosomonas probe demonstrated that all replicate samples contained Nitrosomonas species (Table 4) . No hybridization signal was observed with the cluster 2 probe in U4a(I) replicates. Replicate samples from MG6 (1) 10) ; semi-improved, U4b (lanes 11 to 13); and improved, MG6 (14 to 16). The sequences of the individual bands were obtained from the following lanes: band I, lanes 13 and 15, U4b(3) and MG6(2); band II, lanes 9 and 15, U4a(2) and MG6 (2); and band III, lane 8, U4a (1) confirmed, by probe hybridization, to be less diverse in ammonia oxidizers (Fig. 4B ) and contained Nitrosospira clusters 2 and 3 organisms but no other clusters (Table 4) . These results are of interest in that Nitrosospira cluster 2 organisms were not previously identified within MG6(1) samples ( Fig. 1 and 3) .
amoA DGGE and sequence analysis. After DGGE analysis of amoA gene sequences amplified from the three soils, similar banding patterns were found within samples from replicate plots of the improved site (MG6) (Fig. 6 ) and from replicates of the unimproved site (U4a). However, differences in banding patterns were found between these two sites. In contrast, DGGE banding patterns varied between replicate samples from the semi-improved site (U4b); U4b(3) exhibited a similar banding pattern to U4a, while U4b(1) and U4b(2) showed similarities to patterns observed with MG6. Sufficient PCR products for DGGE analysis were not obtained for site U4a(2), possibly through low numbers of amoA genes or inhibition of PCR. These results suggest that the unimproved grassland is more diverse than the improved soil in terms of DGGE banding patterns of amoA gene sequences; the semi-improved grassland site shares amoA sequences that are similar in their DGGE migration patterns to both MG6 and U4a.
Phylogenetic analysis of the sequences derived from excised amoA DGGE bands demonstrated the presence of both Nitrosospira-and Nitrosomonas-like sequences (Fig. 7) . Nitrosomonas-like amoA sequences were also found that were closely related to the amoA sequence of N. europaea. Analysis of the nucleotide base composition (Fig. 7) suggests that the phylogeny of amoA sequences is complicated by a strong GC bias at codon position 3, since lower base composition values for GC content were obtained when the third base was excluded (data not shown).
Variability of soil pH and extractable ammonium levels. To assess heterogeneity in soil physicochemical properties within unimproved and managed sites, soil pH and soil NH 4 ϩ ϪN) were determined in 10 replicate 0.5-g samples from single samples of bulk soil from each site. Levels of extractable NH 4 ϩ ϪN and soil pH were significantly higher in soil from the improved grassland plot MG6(1) than in the unimproved plot U4a(1) ( Table 5 ). Variability was assessed as the coefficient of variation to standardize greater variability in assays at higher ammonium concentrations, and values were greater within the unimproved than improved soils, suggesting greater heterogeneity in the physicochemical composition of the unimproved grassland soil. to neutral soils, with most of the higher elevations being acidic and high in organic matter (36) . Different management strategies at Sourhope Research Station enabled comparisons of ␤-subgroup ammonia oxidizer communities in unimproved, semi-improved, and improved grassland soil by analysis of 16S rRNA and amoA gene sequences. These pastures differed in their grass species and N input, and the resulting soil differed in its chemical and physical properties.
DISCUSSION
Unimproved grassland soils had the lowest pH and the lowest net nitrification potential, in comparison with improved soils, which received greater fertilizer input. Nitrate concentrations and most-probable-number estimates of ammonia oxidizers have been shown to be lower in undisturbed soils than in agricultural soils (38) . Nitrification may be undetectable in climax communities, such as permanent grasslands (19, 35) and forest soils (12) , where nutrient cycling is highly effective. Ammonia oxidizer populations can vary from Ͻ500 g Ϫ1 in acidic soils to ca. 10 5 g Ϫ1 in agricultural soils (2, 13, 20) , and the higher nitrification potential in improved pastures may therefore result from increases in active ammonia oxidizer populations through greater N input.
Amplification of ammonia oxidizer 16S rRNA gene sequences from DNA extracts of Sourhope soil required the use of a nested PCR system, which appears to be essential for samples with low numbers of ammonia oxidizers (9, 32) . Nested PCR was also required for amplification of amoA gene sequences, and yields of PCR amplified 16S rRNA genes were generally lower in unimproved (20 ng l Ϫ1 ) than in improved grassland soils (30 ng l Ϫ1 ), possibly reflecting ammonia oxidizer cell numbers. It is also possible that differences in 16S rDNA yields may be due to differences in the levels of PCRinhibiting compounds, such as humic acids (31, 45) , although PCR amplification with the eubacterial primer set (29) resulted in the same yield of PCR product for both unimproved and improved sites (data not shown).
DGGE analysis (28) of the PCR products of both the 16S rRNA gene and the functional gene, amoA, were used to assess ammonia oxidizer species composition. Ammonia oxidizer 16S rDNA sequences from unimproved soils were more diverse, at the cluster level, than those from the improved site, and Nitrosospira cluster 1 sequences were only observed within samples from U4a. Nitrosospira cluster 1 sequences had previously only been detected in marine environments (24, 32, 39) . However, cluster 1 sequences have recently been detected in acid forest soils from Finland and Scotland (T. Aarnio, C. J. Phillips, and J. I. Prosser, unpublished data; G. R. Campbell, unpublished data), although their frequency of occurrence within soil samples appears to be less than in marine environments. Nitrosospira cluster 3 and Nitrosomonas cluster 7 were present in all grassland types. Pure culture representatives of these clusters have been found in soil enrichments, and cluster 3 sequences often dominate in molecular studies of ammonia oxidizer diversity in soil (2, 9, 26, 33, 39, 40) . Nitrosospira cluster 3 contains the majority of cultured ammonia oxidizers, while Nitrosomonas cluster 7 includes the most-studied species, N. europaea. Although, N. europaea was isolated from soil, no cluster 7 sequences have been detected in soil samples. However, sequences closely related to the amoA sequence of N. europaea were found in an agricultural soil that regularly received high levels of N fertilizer (50) . We recovered sequences that were closely related to the amoA sequence of N. europaea, in addition to those related to Nitrosospira species. DGGE analysis of amoA sequences demonstrated differences in amoA gene diversity between unimproved and improved grass pastures, while the semi-improved site shared similarities with both.
We were able to clearly resolve differences between amoA sequences at the genus level. Species level relationships were poorly resolved due to a low level of sequence variation, most of which occurred at codon position three. There were marked differences between the base compositions of amoA sequences assigned to Nitrosomonas (43 to 57% GϩC content) and Nitrosospira (67 to 83% GϩC content), suggesting that they evolved under different selection pressures (14) .
Although reported to be dominant in acid agricultural soils (39, 40) , Nitrosospira cluster 2 sequences were not detected in initial experiments (Fig. 1, 2, and 3) , possibly due to low abundance or spatial distribution of the organisms within these soils. However, probe hybridization (Table 4) 2 sequences in DGGE bands from repeat replicate samples of the improved site, MG6(1) but not in repeated samples of U4a (1) . Nitrosospira cluster 2 strains have been isolated from a sewage treatment works in Norway (46) , suggesting physiological diversity within this group and possible selection by high ammonium concentrations.
Repeated DNA extractions, PCR amplifications of 16S rDNA genes, and subsequent analysis by DGGE demonstrated variation in migration patterns between replicate subsamples of unimproved soil, although consistently similar banding patterns were obtained from similar subsamples from the improved site. Nitrosospira cluster 4 sequences, not detected in earlier experiments, were also identified in one replicate sample of U4a. These results suggest that heterogeneity and diversity of ammonia oxidizer populations are greater in unimproved soils than in managed soils, possibly through selection for particular groups, as observed for ␣-Proteobacteria at this site (23) . The greater diversity of ammonia oxidizer 16S rDNA sequences from unimproved grassland soils may reflect the physical and chemical heterogeneity of these undisturbed soils. Strong et al. (42) , using 0.8-g-samples of soil, found substantial heterogeneity between samples, which was not compromised by the sampling scale. We observed, at a similar spatial scale (0.5 g), spatial heterogeneity in both soil pH and NH 4 ϩ ϪN that was lower in improved than in unimproved soil due to regular additions of nitrogen fertilizer. Both pH and ammonium concentration are important for ammonia oxidizer growth and activity, and heterogeneity in these factors may have driven heterogeneity in ammonia oxidizer populations. Reduced diversity of ammonia oxidizer populations in fertilized soils has also been observed previously by Bruns et al (2) . The present study therefore demonstrates a significant impact of soil management on the heterogeneity of soil physicochemical characteristics of relevance to ammonia oxidizer growth and on the diversity and heterogeneity of ammonia oxidiser populations.
